For dental/orthopedic implants to achieve better bone apposition and bone-implant bonding, various approaches to improve titanium surfaces have been developed. Recently, a fluoridated hydroxyapatite (FHA) coating on titanium (Ti) implants was made by sol-gel method and shown to be a possible applicative bone implant. The purpose of the current study was to evaluate biological responses and biomechanical bonding strength of FHA coated Ti implants as compared with that of the conventional Ti alloys and hydroxyapatite (HA) coated Ti implants. In vitro assays were made using human osteoblast-like cell (MG63) culture on different implants with cell attachment, morphology and differentiation evaluations. The implant plates were also implanted into the proximal metaphysis of New Zealand White rabbit tibiae. After 8 and 16 weeks implantation, mechanical and histological assessments were performed to evaluate biomechanical and biological behavior in vivo. The results showed that the cell adhesion and cell growth rate on the FHA and HA surface was higher than that on cp Ti surface (p<0.01), and insignificant difference was observed between two coated groups. Mechanical test demonstrated that the FHA implants had a higher interface shear strength than the both controls at 8 and 16 wks, with no significant difference with HA-Ti. Histologically, the coated implants revealed a significantly greater percentage of bone-implant contact when compared with the uncoated implants. Results demonstrated that the new FHA surface improved cell adhesion and proliferation. The coating exhibited a bioactive mechanical and histological behavior at bone-implant interface, suggesting that a useful approach by combined coating processes could optimize implant surfaces for bone deposition and early implant fixation.
Introduction
Orthopedic and dental implant successful therapy requires the integration and long-term stability of the implant with bone. The implant surface characteristics was recognized to be a critical factor for initial osteogenesis and modulate the growth and remodeling of the bone at the bone-implant interface [1, 2] . Currently, the surface research is to design newly improved implant surfaces to not only stimulate growth of bone cells, but also to assist in rapid bone healing and implant fixation. Titanium (Ti) and its alloys have been widely used as clinical implants because of their good biocompatibility and mechanical properties to many applications. However, their bioactive and early biological behavior needs to be improved for rapid bone implant fixation. Hydroxyapatite (HA) coating has been long approved to improve the cellular responses to the coated Ti. However, the high rate of HA bioresorption may result in a long-term stability problem such as implant loosening failure [3] . Fluoride exists in human bones and teeth as an essential element against dissolution. Recent research of fluoridated hydroxyapatite (FHA) has attracted attention in areas that require long-term chemical and mechanical stability of the coating layer [4] . The FHA layer showed much lower dissolution rate than pure HA, suggesting the tailoring of solubility with Fincorporation within the apatite structure. Therefore, FHA is considered as a promising implant coating due to its low solubility and great biological potential [5, 6] .
In this study, we investigated in vitro and in vivo biological behavior and biomechanical properties of newly developed FHA coatings on Ti implant as a potential biological bone implant and its application.
Materials and Methods
Implants preparation. The deposition of FHA coatings on Ti by dipping-sols were described in detail in previous work [6] . Briefly, calcium nitrate tetrahydrate (Ca(NO3) 2 ·4H 2 O, Sigma-Aldrich, AR), phosphorous pentoxide (P 2 O 5 , Merck, GR) and hexafluorophosphoric acid (HPF 6 , Sigma-Aldrich, GR) were selected as Ca-precursor, P-precursor and F-precursor, respectively. Absolute ethanol was used as solvent for preparation of the dipping-sols. A titanium alloy (Ti6Al4V) 10mm×12 mm×1.2 mm was used as substrate. The dipping run was repeated four times for a final coating thickness of1.5µm. The FHA coating was characterized by scanning electron microscopy (SEM) and energy-dispersive x-ray (EDX) analysis. Cell culture and cell response assays. Human osteoblast-like MG63 cells obtained from ATCC (Manassas, USA) were used for in vitro assays. The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin and streptomycin at 37°C in the atmosphere of 5% CO2. The media were exchanged every 2-3 days. When the cells reached 90% confluence, they were subcultured routinely. The cells were seeded onto the plates at a density of 5x10 4 in the 12-well plates. After culturing from day 1 to 7, the cellular responses to the samples were examined in terms of cell morphology, proliferation and differentiation with alkaline phosphatase activity. Implantation surgery. The rectangle implants were sterilized conventionally with ethylene oxide. The plates were transcortically implanted into the proximal metaphyses of bilateral tibiae of mature New Zealand white rabbits (2.6 ~ 3.2 kg). The rabbits were anesthetized by an intravenous injection of pentobarbital sodium (0.5 ml kg~1) and local administration of 0.5% lidocaine. In each procedure, a 3 cm skin incision was made on the medial side of the knee, and the fascia and periosteum were also cut and retracted to expose the tibia. Using a dental bur, a 10×1.2 mm hole was made from the medial to the lateral cortex parallel to the longitudinal axis of the tibial metaphysis. After irrigating the holes with saline, the titanium plates were implanted in the frontal direction. Five rabbits of each group were killed at 8 and 16 weeks after implantation. Biomechanical testing. Interfacial shear strength of implants with different surfaces was measured by pull-out testing. After the rabbits were scarified with an overdose of pentobarbital sodium, the segments of the proximal tibial metaphyses containing the implanted plates were cut out and prepared for the pull-out test. The bone tissue surrounding the plates was removed with a dental burr. Steel wire was used for holding plates through the hole at the top midst of implants. The contact area of the cortical bone in contact with the implant was measured for each sample. The shear strength at the interface was calculated by dividing the load at failure by the interfacial area.
Histological examination and SEM observation. For histological examination, the undecalcified sections were ground to a thickness of about 20 µm. After toludine blue staining, the sections were examined by light microscopy. A SEM was used to examine metal surfaces after cell culture and pull-out testing. Statistical analysis. The data were expressed as the means±standard deviation (SD). A student's t-test was used to analyze the mean variance of the data with p-value <0.05 considered significant.
Results and Discussion
Cell morphology and attachment was seen to be sensitive to surface conditions. The cells cultured on both coating surfaces tended to form a continuous monolayer as observed by SEM, but few cell appeared on the uncoated surface ( Fig. 1 ). There was a remarkably increase in the growth of cells with culturing time on the tested samples except for the uncoated Ti sample at early days. The number of cells significantly increased on the HA and FHA coated Ti from day 1 to 7 as compared to the uncoated Ti samples (p<0.05) (Fig. 2) , while there was no significant difference between two coated Ti groups. Obviously, cell numbers were affected by surface with bioactive coatings. Higher cell attachment and proliferation on the coated Ti demonstrated good cytocompatibility and active cellular response to the coatings. The results of the biomechanical test are showed in Fig.3 . At 8 weeks, the untreated implants showed low shear strengths during testing. In contrast, both of the HA and FHA coated implants showed significantly higher shear strengths than the uncoated implants (p<0.05 and p<0.01), and so as to provide a stable interface for the cells to adhere and form new bone. At 16 weeks, the same A B C 0.
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MPa tendency occur for both coated implants. There was no significant difference in shear strengths between two coated groups at all time points (p>0.05). Undecalcified histological sections revealed that new bone formed in the gap created at the implantation site, and was in direct contact with the coated implants. For uncoated Ti implants, an intervening fibrous layer was seen at the interface. Scanning electron microscopy (SEM) confirmed the findings as observed in the histological sections that there was a significant improved direct bone contact area for the coated groups compared with uncoated implants (Fig.4) .
The titanium surfaces with HFA structural coatings were used in this study to distinguish the surface features, contributing to not only early osteoblast response but also biomechanical strength at the interface. All these findings reflect that FHA may control the rate of dissolution and, at the same time, plays a role in early bone formation process. Our results suggested that FHA coating has a beneficial effect on biological properties and the interfacial shear strength.
Conclusion
The addition of FHA chemical composition combined coating processes as Ti surface coatings may be a useful approach to favor early bone deposition and implant fixation, which would lead to better biological performances for implant potential application.
